Pollen and dinoflagellate cysts have been analysed in a core from the south basin of the Caspian Sea, providing a picture of respectively past vegetation and water salinity for the Late Pleistocene to middle Holocene. A relatively sharp lithological change at 0.86 m depth reflects a shift from detrital silts to carbonates-rich fine silts. From this depth upwards, a Holocene chronology is built based on ten radiocarbon dates on ostracod shells and bulk carbonates.
Introduction
The levels of the Caspian Sea (CS, 36e47 N, 47e54 E), the world's largest lake ( Fig. 1A and B ), have changed dramatically over various timescales (Kazancı et al., 2004) , causing deep modifications in both the volume and area of this large water body, larger than the British Isles. During the 20th century, CS water levels have fluctuated rapidly, a hundred times faster than recent global sea level, causing serious environmental and economic damage and adversely affecting oil and gas exploitation, agriculture and fishing as well as causing major risks in areas for storage of nuclear waste. Instrumental records (since 1837) indicate a 3 m change with a sharp drop between 1930 (À26 m) and 1977 (À29 m), followed by a sharp rise until 1995 (À26.5 m) (Leroy et al., 2006; USDA, 2013 ). The precise causes of these changes are not well understood: they are believed to result from a combination of climate, human impact and tectonic activity (e.g. Shiklomanov et al., 1995; Froehlich et al., 1999 ).
The impact of water level changes was especially strong in lowlying areas. The horizontal changes were the most pronounced in the north basin with the Volga delta wandering northesouth up to 700 km along its riverbed in the last climate cycle (Kroonenberg et al., 1997; Tudryn et al., 2013) (Fig. 1B) . A vertical amplitude of c. 150 m has been reconstructed for the Last Glacial period and Early Holocene between a glacial highstand of þ50 m (the Early Khvalynian highstand, perhaps at 17e15 14 C ka BP or much earlier) and an Early Holocene lowstand (the Mangyshlak lowstand, c. 9 14 C ka BP) of possibly lower than À110 m (Rychagov, 1997; Chepalyga, 2007) . Poorly known past low levels are mostly defined by bathymetry and seismic surveys (such as palaeocanyons and underwater terraces), besides the onshore sedimentation hiati.
The palaeoenvironmental history around the CS is poorly known due to the scarcity of long-sequence studies in the area. The way in which the climate has changed in the region around the CS, the extent to which climate may have influenced the water level itself, and whether any lake effects influenced climate are not well understood, or even not yet investigated. The same is true for vegetation, as it is not known how climate could have affected landscape change in this very biodiverse area from subtropical vegetation to the south and desertic one to the north and east . The short regression to glacial conditions and its environmental consequences, at the transition between the glacial and interglacial periods, i.e. Younger Dryas (YD) stadial (12.8e11.5 cal ka BP; Muscheler et al., 2008) , have not yet been identified in the region.
A palynological approach could give information on both water level/salinity changes and vegetal landscape. Dinoflagellate cysts (dinocyst) are widely used to reconstruct salinities worldwide (Marret and Zonneveld, 2003) . Dinocyst assemblages, cyst morphology and endemism may provide information about the impact of various environmental parameters and are a basis for palaeoenvironmental reconstructions (e.g. Mertens et al., 2009) . The dinoflagellate cyst taxonomy of the CS has remained totally unknown until recently when many forms, species and even one genus were described (Marret et al., 2004) . Since this has been done, it has become possible to investigate them in sedimentary sequences: e.g. 1) Pliocene oil and gas reservoirs in Azerbaijan (Vincent et al., 2010) , 2) the Holocene (with a hiatus in the reconstructed lowstand at 7.2e3.5 cal. ka BP) in the TM core taken in the southeastern corner of the CS (Leroy et al., 2013a) , 3) the last 5500 years in short cores from the deep south and middle basins , 4) the last hundred years in coastal lagoons of northern Iran and 5) the last decades in the KaraBogaz Gol (Leroy et al., 2006) . Owing to these studies, it has been possible to reconstruct the palaeosalinity of the CS and determine that it has fluctuated between more brackish (c. 13 psu) and closer to freshwater (c. 3e7 psu) in the last 10,000 years. Regarding vegetation change, pollen studies have highlighted the biogeographical importance of the area as a refuge of Arcto-Tertiary thermophilous species now extinct in Europe and the role of human impact on landscape change (Djamali et al., , 2012 .
The present work investigates a deep-sea sediment sequence of the south basin of the CS, core GS05 (Fig. 1B) , where sediment formed even during lowstands. It combines dinocyst assemblages (past salinities), pollen and spores (terrestrial vegetation) and nonpollen palynomorphs (NPP) during the Late Pleistocene and the first half of the Holocene, in order to reconstruct terrestrial vegetation, biodiversity changes, sea levels and climate.
Study area

Geographical setting, climate and vegetation
The relief around the CS is roughly of two types: low lying in the northern half and the east side and high mountains in the southwest corner (the Caucasus Mountains) and the south (the Elburz Mountains).
Because of its great meridional extension, the CS straddles several climatic zones. The northern part of the drainage basin lies in a zone of temperate continental climate with the Volga catchment well into the humid mid-latitudes. The west coast features a moderately warm climate, while the southwestern and the southern regions fall into a subtropical humid climatic zone. The east coast has a desert climate.
Vegetation around the CS consists in the east of a northward gradient from desert (Chenopodiaceae and Artemisia) to steppe (Artemisia and several species of Poaceae): Irano-Turanian in the southeast (summer rainfall and cold winters) and KazakhoDsungarian in the west, north and northeast (winter rainfall) (Walter and Breckle, 1989) . These authors mention freshwater holes in the desert between the Aral Sea and the CS with local vegetation made of Populus, Elaeagnus, Salix and Alnus, as well as Calligonum and Tamarix. A very diverse vegetation including vast mesic and altitudinal forests, i.e. the Hyrcanian forest, has developed in the two mountain ranges (Walter and Breckle, 1989) , even including refugial areas for some past European species such as Parrotia persica (Leroy and Roiron, 1996) . Today the biogeographical distribution of P. persica is reduced to the coastal area south of the CS and to the Caucasus up to 1500 m altitude, where the tree lives in a mild and humid climate all the year round (Leroy and Roiron, 1996) .
Hydrological and biological setting
The CS is the world's largest lake in terms of both area and volume ( Fig. 1A and B) . The altitude of the surface was at 27 m bsl in 1994, at the time of the coring. Three basins divide the sea, deeper from the north to the south: the northern basin (80,000 km 2 ) with an average depth of 5e6 m and a maximum depth of 15e20 m; the middle basin (138,000 km 2 ) with an average depth of 175 m and a maximum depth of 788 m; and the southern basin (168,000 km 2 )
with an average depth of 190 m and a maximum depth of 1025 m (Fig. 1B) . The southern basin holds more than 65% of the Caspian water volume. The Mangyshlak threshold separates the north and the middle basins, while the Apsheron sill divides the middle basin from the south one (w180 m water depth). The CS drainage basin covers about 3.1 million km 2 , stretching from 35 to 62 N (Fig. 1A) . Water inputs comprise river discharges, in particular the Volga (contributing 80e85% of the total), Kura, Ural and Terek Rivers (Rodionov, 1994) . Then a series of smaller rivers bring water from the west and south sides of the CS, while the eastern side has nowadays hardly any river because of the dry climate and the large expanses of desert and steppe.
This pattern of river inflow induces a NortheSouth positive gradient of water salinity. It increases from freshwater in the northern end of the basin to an almost homogeneous 12.5e13.5 practical salinity unit (psu) in the middle and southern basins. In the southern basin, seasonal salinity changes are less than w0.2e 0.4 psu. The mean annual salinity increases from the surface to the bottom waters from 0.1 to 0.3 psu (Zenkevitch, 1963; Kosarev and Yablonskaya, 1994; Rekacewicz, 2007a) . The mean sea surface temperature in winter ranges from zero in the north to 10 C in the south, and in summer from 21 in the east to 28 C in the south (Rekacewicz, 2007b) . A deep water mixing occurs twice a year (Dumont, 1998) .
Climatic change has an influence on sea levels via not only evaporation and precipitation over the sea but also on the drainage basin, especially of the Volga River . From a meteorological point of view, CS levels are influenced by precipitation over the Volga drainage that has a peak discharge in May (Arpe et al., 2000 (Arpe et al., , 2012 . Over the 20th century, a connection between CS level and ENSO has been highlighted, but not with NAO (Arpe et al., 2000; Arpe and Leroy, 2007) . During glacial periods, this simple relationship is complicated by large influx of meltwater and climatic feedbacks. Over the deglaciation period, in addition to climatic changes the palaeohydrology around the sea has caused many changes to the CS water budget. After the Last Glacial Maximum (LGM), it has been suggested that the melting of the Eurasian ice cap and the re-routing of north flowing rivers to the south have accelerated a water transfer from the north (via River Volga and via Aral Sea/Uzboy pass) to the CS and then to the Black Sea (Chepalyga, 2007) . The Uzboy River reached the CS 100 km south of the KBG in the Krasnovodsk Bay in the Late Pleistocene and episodically in the Holocene but few details only are known (Létolle, 2000) . This river brought a considerable supply of freshwater to the south basin. The lower section of the Uzboy River (Fig. 1B) received water from the Aral Sea and the Amu Darya through the Sarykamysh River, which are fed by the Pamirs and part of the Hindu Kush (Boomer et al., 2000; Sorrel et al., 2006; Austin et al., 2007) . The Amu Darya seemed to have been flowing intermittently in the CS until as recently as in the 14e16th century AD, not only for climatic reasons but also due to man-made river avulsions (Létolle, 2000; Naderi Beni et al., 2013) .
Owing to its isolation, the CS has a high level of endemism (e.g. Dumont, 1998) . The biodiversity results from a combination of various origins: Atlantic-Mediterranean connection (because of the Paratethys link), Arctic Sea connection (because of the rivers flowing from the north to the south during glacial meltwater phases, via the Aral Sea) and river connections (Grigorovich et al., 2003; Marret et al., 2004) . Past history of the CS, resulting in the alternation of brackish and fresher water periods, has had a strong impact on the present-day biodiversity.
The CS biota ranges from freshwater to brackish to euryhaline with species of freshwater origin tolerating salinities up to 13 psu and species of marine origin tolerant to salinities down to 13 psu (Dumont, 1998) . Dinoflagellates are one of the most abundant phytoplankton groups, second to the diatoms. In the CS, phytoplankton richness is rather low, in comparison with other open seas, with a dominance of fresh and brackish water species in the North Basin and a higher occurrence of marine (euryhaline) and brackish species in the middle and southern basins (Kosarev and Yablonskaya, 1994) . Surveys in the 1960s and 1970s showed that dinoflagellates composed only 9% of the phytoplankton population, whereas a recent survey in 2001 shows that dinoflagellates consist of almost half of the population (Kideys et al., 2005) .
Sea-level fluctuations and their possible causes
The continuously fluctuating levels of the CS change both erratically and cyclically (Kazancı et al., 2004) . It is nevertheless generally accepted that transgressions are accompanied by freshening of water masses and cold climate and that regressions correspond to an increased salinities and warm climate (Ferronsky et al., 1999; Ryan et al., 2003) , having a reverse behaviour to that of the global ocean. Ferronsky et al. (1999) are of the firm opinion that transgressions and regressions are driven mostly by climatic change. They propose as evidence that transgressions have always been preceded by "climate cooling and wetting".
It has also been suggested that forests develop during the transgressive phases, while arid vegetation dominates in the regressive phase (Kuprin and Rybakova, 2003) . An attempt at describing the main transgressions and regressions since the end of the Pleistocene was made, but the ages and even the number of regressions and transgressions are still very much a question of debate. Notably what is happening at the crucial time of the PleistoceneeHolocene transition is far from clear.
At the end of the Pleistocene, large ice-dammed freshwater lakes formed along the southern edge of the ice sheet, such as palaeolakes Mansi and Komi (Grosswald, 1993; Mangerud et al., 2001) . The history of these palaeolakes' drainage is poorly documented but the withdrawal of their meltwater inflow must have governed the change of the CS from a freshwater lake to a more saline water body. The last Late Pleistocene transgression, the Khvalynian highstand, is characterised by a large freshwater lake whose age is not precisely known (Rychagov, 1997) . According to Chepalyga (2007) it began at c. 16
14 C ka BP and ended with the Mangyshlak lowstand at 10 14 C ka BP. The water origin is multiple, such as rivers (both the Amu Darya with water from the Pamirs and NeS rivers that could not flow to the north, being blocked by the Eurasian ice cap), and meltwater from both the ice cap and permafrost (Forte and Cowgill, 2013) . Some scientists suggest, however, a strictly climatic origin of the highstand with an increase of precipitation on the Volga basin (Sidorchuk et al., 2009) . Other authors, when comparing sedimentation rates in cores from the south basin to the middle basin, find a much higher sedimentation rate in the south and also much fresher waters (Ferronsky et al., 1999) . They are led to suggest river inflow from the East by the ancient Amu Darya and they support their hypothesis by the oxygen isotope results that allow excluding a major influence of the Volga in the south basin at that time. However their results were obtained from oxygen isotopes on bulk sediment and may have been affected by detritic carbonates. Another perhaps stronger argument comes from the Apsheron sill that shows for that period an entrenchment with the evidence of a south-to-north water flow (Ferronsky et al., 1999; . The best indirect dates for the highest water levels within the Khvalynian period come from the Black Sea: a series of successive massive meltwater pulses from the CS via the ManycheKerch connection have been recognised in the Black Sea between 18 and 15.5 14 C ka BP (Bahr et al., 2005) . The Younger Dryas stadial is generally considered as a period of transgression both in the Black Sea (Ryan et al., 2003) and in the CS (Chalié et al., 1997) . The Mangyshlak lowstand, like most regressions, is less well known than the Khvalynian highstand. It is usually considered to have taken place between 10 and 8.5 14 C ka BP with a decrease of the level as far down as possibly 110 m bsl or even more (Mayev, 2010) . The Mangyshlak lowstand has mostly been identified by hiatus in outcrops and the geomorphology of the seabed. Sedimentary sequences containing sediment of this lowstand have been found in the three basins of the CS, which is often characterised by slightly coarser sediment and a lower carbonate content than in the subsequent Neocaspian (also known as Novocaspian) period (Mayev, 2010) . The latter author has suggested a step-wise decrease of the water level to a minimum at 9 14 C ka BP, followed by a sharp re-increase estimated at 20 cm per year. It has been proposed that the sediment is more influenced by rivers, with a clear contribution from the east probably from the Uzboy River (Mayev, 2010) . The lowstand is caused by the decrease of meltwater availability and by a dry climate. It is during this dry period that the loess on the Iranian coast may have formed (Kazancı et al., 2004) and the Amu Darya switched its flow from the south basin to the Aral Sea (Boomer et al., 2000) . A revision by Svitoch (2012) suggests that the first regression of the Holocene should be called the Enotaev lowstand and that the Mangyshlak is a younger regression. In order to keep with the most frequently used stratigraphical schemes, we will follow Mayev (2010) and Sorokin (2011) 's usage and consider that the regression at the beginning of the Holocene is the Mangyshlak. However we take into account that other lowstands maybe have existed after the Mangyshlak one.
During the Holocene, the reconstructed levels are generally intermediate (Neocaspian transgression) with some fluctuations, but their amplitude, number and timing diverge deeply between authors (Mamedov, 1997; Rychagov, 1997; Kakroodi et al., 2012; Svitoch, 2012) .
Previous studies on core GS05
Several publications have already come out on the sedimentology of Late PleistoceneeEarly Holocene core GS05, the object of the present investigation. The results are briefly summarised here. Various lithological boundaries of this rather homogeneous sequence have been published, some based on visual descriptions (Chalié et al., 1997; Escudié et al., 1998; Jelinowska et al., 1998) and some based on geochemistry (Pierret et al., 2012 ). Here we have followed the visual one as it is the most common one (Figs. 2 and 3) .
Unit 1 (986e111 cm) is a detrital-rich deposit, with a very regular alternation (every c. 8 mm) of brownish grey and dark layers that disappear through oxidation. The amount of carbonate is relatively low (21e25%) and the sediment is quasi devoid of authigenic biological remains. Oblique laminations from 121 to 118 cm suggest minor slumping.
Unit 2a (111e94 cm) consists of pale silts more finely laminated than below; while in unit 2b (94e86 cm) dark layers reappear.
After a sharp change, unit 3 (86 cm-top) is a pale, dark beige calcareous mud (49e63%), vaguely laminated up to 44 cm depth (unit 3a). In unit 3b (>44 cm), the amount of carbonate slightly decreases and the sediment is more homogeneous. Diatoms appear progressively in the sediment from 80 cm onwards. Below this depth they are almost totally absent due to dissolution problems and/or low productivity.
Laminated silty sediment, from the lower units 1 and 2, is characterized by high and varying magnetic susceptibility values (between 150 and 300 10 À5 S.I.), which reflect high contents of authigenic iron sulphide e greigite (Fe 3 S 4 ) (Fig. 3 ). The presence of greigite indicates poorly oxygenated conditions at the bottom of the basin (Jelinowska et al., 1998 (Jelinowska et al., , 1999 . Varying contents of greigite explain the scatter in magnetic susceptibility. The calcareous mud from unit 3 is characterized by its low and rather homogeneous (between 50 and 60 10 À5 S.I.) magnetic susceptibility ( Fig. 3 ), which is due to low contents of detrital magnetite (Jelinowska et al., 1998) . Preserved detrital magnetite indicates better oxygenated bottom conditions. The magnetic mineralogy was attributed to the changes of the CS level (Jelinowska et al., 1998; Bol'shakov et al., 2009) , with authigenesis of greigite in poorly ventilated basin and less saline bottom waters during highstands, and detrital magnetite in better ventilated and more saline waters during lowstands. In this way, the change of the magnetic mineralogy between units 2 and 3, could be related to the major decrease of the CS level (end of the Khvalynian highstand), due to a lowering of the water supply from the catchment area.
A synthetic pollen curve for the whole core, GS05, was presented in Pierret et al. (2012) with emphasis on the vegetation cover extend and the weathering process. The chronology was based on corrected dates that were not calibrated.
Previous studies in the area
Some palynological analyses have been published from a deepsea core taken in almost the same coring station covering from the Khvalynian highstand to the older part of the Neocaspian period: core GS04 (Kuprin and Rybakova, 2003) (Fig. 1B) . The Khvalyniane Neocaspian transition has been recognised at 105 cm depth, a few cm below a radiocarbon age of 9.1 14 C ka BP at 80 cm on bulk sediment not corrected for the detrital fraction (Ferronsky et al., 1999) , and is characterised by a clear increase of authigenic carbonates. Broadly the same changes of the magnetic susceptibility were recorded in core GS04 than in core GS05 . Late Khvalynian sediments are characterised by high magnetic susceptibility values due to the presence of iron sulphides; while in the Neocaspian, low values of the magnetic susceptibility are correlated with the decreased contents of iron sulphides . The pollen and spores samples were poor and contained a significant amount of reworked elements; only a table with some occurrences (low counts, <50 pollen and spores, no dinocysts) has been published; but it is difficult to interpret and use here (Kuprin and Rybakova, 2003) . Diatoms were more abundant (Kuprin and Pirumova, 2002) and show a clear salinity change from freshwater in the Khvalynian highstand (rare occurrences of diatoms) to more saline in the Neocaspian period (abundant diatoms). Neither the Mangyshlak lowstand nor internal fluctuations to the Neocaspian were recognised . The pollen and dinocysts interpretation for three cores covering the second part of the Holocene taken during the same cruise as cores GS04 and GS05 were published in . The main results are the alternation of two palynomorph assemblages over the period 5.5 to 0.8 cal. ka BP: two slightly less brackish (salinities <7 psu) phases with pollen transported by river, interrupting longer periods of slightly more brackish phases (similar to the present) with wind-transported pollen. The end of a long less brackish phase, attributed to the Gousan highstand (sensu Svitoch, 2009 ) (or perhaps the Late Khvalynian highstand), is at 3.9 cal. ka BP in core CP14, and it is followed by a shorter one from 2.1 to 1.7 cal. ka BP, attributed to one of the highstands in the Neocaspian period.
Pollen and dinocyst diagrams were published for a core taken in the SE corner of the CS, which covers most of the Holocene but with a significant hiatus in the middle from 7.2 to 3.5 cal. ka BP (Leroy et al., 2013a) . The results indicate a clear vegetation succession out of the glacial refugia in the Elburz Mountains, the Mangyshlak lowstand at the beginning of the Holocene, a highstand from 10.6 to 7.2 cal. ka BP, a lowstand from 7.2 to 3.5 cal. ka BP with a minimum at 3.9 cal. ka BP, and then intermediate water levels onwards.
Material and methods
Coring
Cores were taken in the south basin during a FrencheRussian oceanographic cruise in August 1994, on-board a Russian military ship rented for the expedition. All the locations were chosen to avoid direct river delta influence, and other disturbances as far as was known at the time. Large-scale slope failure processes are described by Richardson et al. (2011) using seismic with an average vertical resolution (quarter of the wavelength) of 20 m on the north-west slope of the basin that is much steeper than the east side where coring was located. Due to bad weather, it was however impossible to obtain reliable seismic profiles, water depths and geographical coordinates. Two coring techniques were combined with the aim of recovering complete sections from the Late Pleistocene and the Holocene. The Kullenberg cores, typically 10 m long, 90 mm of diameter, have probably lost c. 1e1.5 m of sediment at the moment of penetration by the corer barrel. The Pilot cores, associated to the Kullenberg cores, c. 150e200 cm long, have also lost a few decimetres for the same reason. Half the cores are kept in a repository at the geology laboratory of the Museum National d'Histoire Naturelle (Paris, France) and the other half at the Moscow State University, Russia. The French cores were sliced into two parts, one kept as an archive and the second used for sampling. The depths are provided in composite depth due to the existence of two small gaps in the top metre section.
The results of a study of the top 305 cm of the 10 m-long GS05 core are presented here (Table 1 ). The bottom part of the core was not investigated in detail because it presents identical ages either due to problems with radiocarbon dating, or due to an extremely rapid deposition of the sediment.
Lithology
The particle size analysis is a new proxy for this sequence. It was obtained by laser granulometry on bulk sediments using a Coulter LS 130 apparatus. Fifty samples were analysed for the top 305 cm of the core.
Radiocarbon dating and corrections
Establishing a chronological framework for sequence GS05 proved to be a complex task, as adequate material for radiocarbon dating is rare. Organic matter, bulk carbonates and ostracod valves are discussed.
Organic matter
Total organic content (TOC) is very low through the whole sediment sequence GS05. TOC, measured each 10e20 cm (Chalié et al., 1997) , showed values lower than 1%. Organic macroremains, appropriate for radiocarbon analyses, were not found.
Bulk carbonates
Calcimetry measurements of bulk sediment show that carbonates occur along the whole sequence (Fig. 2) . Mineralogical analysis, as detailed by X-ray diffraction analyses, indicated that different carbonate types are present in the sediment (Chalié et al., 1997) . Based on the calcite crystallinity index (which is given by the XRD (104) peak width at mid height), the Mg-content of the high-Mg calcite, and microscopic observations, enabled us to distinguish three types. First fine, isodimensional (few mm), spindle-shaped Mg-calcite crystals, were identified as a major component of the sediment above 86 cm depth, and present above 111 cm depth (Chalié et al., 1997) . These carbonates were observed in the surficial Table 1 Names and location of some of the cores in the south basin of the Caspian Sea taken during the FrencheRussian expedition of 1994, presented or discussed here, and of a core from the S-E Caspian Sea, Iranian coast (see Fig. 1B (Escudié et al., 1998) : they were therefore considered as the authigenic fraction of the total carbonates in the sediment. Secondly very rare carbonated biological remains were also identified (such as coccoliths and ostracods). Finally, a well-crystallised, Mg-poor calcite fraction of eroded rounded calcite grains was considered as detrital in origin. XRDeinferred mineralogical characters of the sediment therefore enabled us to determine the relative proportions of authigenic versus detritic carbonates, for the upper 86 cm. Below this depth, carbonates are less abundant, the detritic fraction dominates, the authigenic carbonates are almost absent from the sediment, implying reduced validity of corrections on radiocarbon dates. Moreover, the two carbonate fractions e authigenic and detritic e become difficult to infer from XRD analysis, since Mg-content of authigenic carbonates decreases with sediment depth. The ratio between authigenic and detritic carbonates allows correcting the radiocarbon activity obtained from bulk sediment (Table 2) . Several corrections must be applied to raw values of radiocarbon dates on bulk carbonate material, to account for (1) the ageing of modern surface waters (in which the authigenic carbonates precipitates), which shows that the equilibrium between modern surface waters and atmospheric CO 2 is not complete, and (2) the amount of detrital carbonates.
Total Dissolved Inorganic Carbon (TDIC) was measured for several water depth profiles, and water was sampled during the sea expedition of years 1994 and 1995 (Escudié et al., 1998) . Surface waters reveal a present-day 14 C activity value of w109 pMC (percent Modern Carbon). At the sea bottom, the TDIC 14 C activity decreases to w95e96% in the southern basin. The present-day atmospheric CO 2 is estimated at about 117% at the latitude of the CS (Levin et al., 1995) . The 8% difference in 14 C activity between modern surface water TDIC and atmospheric CO 2 demonstrates that equilibrium between surface waters and atmosphere is not reached. We assumed that this disequilibrium was constant through time. We therefore calculated the radiocarbon ages from 14 C activities, using 92% for the water TDIC, instead of the 100% reference value for atmospheric CO 2 , before the bomb effect of nuclear weapon testings (Table 2) .
Following the procedure described in Fontes et al. (1993) , the radiocarbon ages were corrected from the detrital fraction. The procedure is appropriate for the upper 86 cm depth; it is not applicable at all below 111 cm depth, as it was not possible to differentiate authigenic from detrital carbonates. For samples between 111 and 86 cm depth, the ages obtained after corrections of detrital carbonates show very large errors, and should be treated with caution.
The correction of apparent radiocarbon measured 14 C activity, for bias due to the detrital carbonates, is based on the mass balance principle applied to the radiocarbon activities, and making the reasonable assumption that detritic calcite is old enough to contain dead carbon only (Fontes et al., 1993) .
Ostracod shells
Ostracod shells, considered as authigenic carbonates, were hand-picked under a binocular laboratory stereo-microscope. Shapes of the shells indicate a state of good preservation. XRD analysis confirmed that the carbonated shells were not re- Table 2 Radiocarbon chronology of sequence GS05 (see text for explanation of the different carbonates types, and for corrections applied to the radiocarbon dates). Radiocarbon ages were calibrated using the IntCal09.14C calibration (Reimer et al., 2009 crystallised, and hence were a relevant material for dating. Identified species were benthic. The apparent measured activities must be corrected for two biases (Table 2) . First, the disequilibrium between TDIC and atmospheric CO 2 , observed on the present-day system, were corrected with the same procedure as for bulk carbonates. Secondly, residence time was determined by the difference of radiocarbon activity between modern surface and bottom waters (Escudié et al., 1998) , and was estimated at about 370 years. This was used to correct ages obtained on benthic ostracod shells that precipitate in sea bottom waters. The 370 years reservoir correction is consistent with the mean value of 410 years, obtained in the northern basin of the CS (Kuzmin et al., 2007) .
Calibration and ageedepth model
After corrections, radiocarbon ages were calibrated using the IntCal09.14C calibration curve (Reimer et al., 2009) and an agee depth model for the dates above 86 cm was obtained using Clam.R 2.1 (Blaauw, 2010) . A good fit was provided by a smooth spline solution with a smooth factor of 0.3.
Palynological methods
The processing of 57 samples (on average 1.2 ml) involved the initial addition of sodium pyrophosphate to deflocculate the sediment. Samples were then treated with cold hydrochloric acid (10%) and cold hydrofluoric acid (32%), followed by a repeat HCl. The residual fraction was then screened through 120 and 10 mm mesh sieves and mounted on slides in glycerol and sealed with varnish. Lycopodium tablets were added at the beginning of the process for concentration estimates, given as number of microfossil per ml of wet sediment.
The number of pollen grains counted (excluding spores and NPP) is at minimum 231, and on average 324. Dinocysts were counted at the same time as the other microfossils. The sum for percentages is made of all dinocysts, and its minimum is 109, with an average of 335 cysts. A pollen concentration on dinocyst concentration ratio (P/D) was determined according to McCarthy and Mudie (1998) to estimate the degree of continentality of the assemblages.
Diagrams were plotted using Psimpoll (Bennett, 2003) with 10Â exaggeration curves and black dots for values lower than 0.5%.
Pollen and spores were identified using the atlas of Reille (1992 Reille ( , 1995 Reille ( , 1998 and the Brunel pollen reference collection. Dinocysts and some NPP were identified following illustrations in Marret et al. (2004) , Sorrel et al. (2006) , Leroy (2010) and Mudie et al. (2011) .
Numerical methods
Zonation was calculated separately for pollen and spores, and dinocysts by cluster analysis (CONISS) after square root transformation. Principal Component Analysis (PCA) was also applied separately for pollen and dinocyst datasets. PCA exploration was performed using SPSS 15.0, in correlation mode and applying varimax solutions. Data were square-root transformed prior to analysis. For pollen data, hydro-hygrophytes and NPP were excluded. For trees, shrubs and herbs, only taxa with percentages higher than 1% in at least one sample were considered. The sums of trees and shrubs were also incorporated. All dinocyst taxa have been included, and in this PCA of dinocyst data, data from the nearby core CP14 have also been included in an attempt to identify what the possible overlap is between the two cores.
In order to detect diversity changes in core GS05, palynological richness was estimated by rarefaction analysis on terrestrial pollen types, using the open software PAST 2.17c (Hammer et al., 2001 ). The lowest sum was used as standardized count, being 231.
Results and interpretation
Ageedepth model
The results of radiocarbon dates, corrections of biases, transfer into calendar timescale and ageedepth modelling are reported in Table 2 and Fig. 2 . Due to the combination of low carbonate contents, associated with high detrital carbonates, low authigenic fraction and the error on the measurement of the proportion of authigenic fraction, radiocarbon dates are highly speculative below 86 cm depth: the cumulative errors on the measurements present very high values. Corrections being still possible for dates between 111 and 86 cm depth, these were shown in a tentative chronological framework. But below 86 cm depth, older than 11.8 cal. ka BP, corrected radiocarbon dates show no trend and indicate a uniformity of the ages. The period is a crucial one for radiocarbon dating, as it includes a large 14 C age plateau. Finally, dates in the interval 111e86 cm on ostracod shells and on bulk carbonates at the same level (w106 cm depth) showed quite different results (Table 2) . To the contrary, the validity of the corrected ages above 86 cm depth is reinforced by their chronological sequence of all the dates and by the consistency between an age obtained on bulk carbonates and one on ostracod shells at almost the same level, 56 and 55.5 cm depth (Table 2) .
Lithology
Our sequence shows, on the whole, little changes and mean grain sizes corresponding to the fine silts. In most of unit 1, the grain size varies between 10 and 25 mm, but with some higher values that indicate the presence of a sandy fraction at 260 and 245 cm (Fig. 3) . Above 142 cm (last part of unit 1 and units 2 and 3), mean grain sizes are lower and less scattered.
In the nearby core GS04, obtained broadly similar values, varying between w17 and w25 mm. Nevertheless, they did not observe the slight, but clear, decrease in the mean grain sizes, at 142 cm depth in core GS05. The grain size decrease occurs before the major change in magnetic susceptibility (Fig. 3) , which was related to a lowering of the CS level due to the decrease of the meltwater supply into the basin. This granulometric change thus suggests most probably an earlier decrease in the water supply from the catchment area.
Based on sediment description, radiocarbon and other proxies such as the carbonates, an overlap is possibly suggested between the top of core GS05 (station 2) and the bottom of core CP14 (station 6, 55 km north of GS05 and shallower) (Leroy et al., 2007 and here) .
Pollen and spores and NPP in core GS05
Six pollen zones have been identified after CONISS analysis. Pollen zones P-5 to 6 are attributed to chronozones based on the ageedepth model. For pollen zones P-1 to P-4, palynozones are suggested rather than chronozones.
Zone P-1, 305e135 cm: Last Glacial period
This long and homogeneous zone is dominated by AmaranthaceaeeChenopodiaceae (AeC) with 40e50% and by Artemisia with 30e40% (Fig. 4) . The reconstructed vegetation around the CS is desertic in the driest places such as the eastern shores, and steppic in more favourable microclimates of the Caucasus and Elburz Mountains. The regular presence of Plumbaginaceae, a salt-tolerant family, suggests the existence of saltmarshes. 
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Arboreal pollen (AP) is very rare and only Betula is frequent, especially in the upper part of this zone. The microfossil of the green algae Pterosperma frequently occurs in the upper part of this zone too.
Concentration values are high and this is most likely due to strong winds transporting pollen to the centre of the basin. Moreover, this occurs despite extremely high sedimentation rates suggested by the high amount of detritics and the anomalous and stable radiocarbon dates.
Zone P-2, 135e111.75 cm: Allerød palynozone
This zone is characterised by a small, but significant, increase of the AP percentages, especially of Pinus, Juniperus, Alnus, Quercus, Elaeagnus, and Hippophae, and the shrub Calligonum. More remarkably, warm-loving species such as Pterocarya and Fraxinus make a brief appearance. Amongst the non-arboreal pollen (NAP), AeC (40%) and Artemisia (25%) are the dominants, but it is worth mentioning regular occurrences of Nitraria (a salt-tolerant plant), a maximum of Poaceae and the continued presence of Plumbaginaceae. Botryococcus occasionally occurs. Concentrations carry on falling. This zone of climatic improvement is attributed to the Allerød palynozone.
Zone P-3, 111.75e104 cm: Younger Dryas palynozone, part 1
This short zone (3 samples) stands out by its minimum of AP and shrubs and by the maximum of Artemisia (!42%). It is similar to zone P-1, if not colder. Botryococcus is still occasionally present. Radiosperma corbiferum, of unknown origin, often found in low salinity environments (Sorrel et al., 2006) , is mostly observed here and in the following zone. Concentrations are low. This zone of climatic deterioration is attributed to the Younger Dryas palynozone.
4.3.4. Zone P-4, 104e79.75 cm, until 11.5 cal. ka BP: Younger Dryas palynozone, part 2 Elaeagnus, Hippophae and Calligonum continue to be regularly present. Quercus values recover after zone P-3. Some rare occurrences of Ulmus-Zelkova are noteworthy. However AP values are still lower than during the Allerød. The last significant presence of Nitraria is found at the transition P-3 to P-4. The percentages of Artemisia are still high but are on a decreasing trend. Plumbaginaceae starts fading away. Poaceae are still at the low abundances of the preceding zone.
As Botryococcus becomes less frequent, Anabaena, a cyanobacteria that thrives in nitrogen-limited environments (Räsänen et al., 2006) , starts its development. Pollen and spore concentrations recover to values close to 10,000 grains per ml. Quite clearly, this is still a very dry phase, but the saltmarsh extension is decreasing. 4.3.5. Zone P-5, 79.75e34.75 cm, from 11.5 to 8.4 cal. ka BP: "Shrub phase" Holocene Pinus and Quercus progressively recover to values not seen since the end of the Allerød. At the very end of this zone, several warmloving deciduous trees start appearing: Acer, Carpinus betulus and Parrotia persica. AP values progressively increase throughout this period.
Ephedra major-t. displays high values (>4%). Calligonum and Ephedra alata-t. have continuous curves, while Elaeagnus and Hippophae have quasi disappeared.
Artemisia values notably decrease, while Asteraceae and Cyperaceae become more frequent. Rubiaceae maintain their regular presence started at the end of the previous zone. Spores of Sphagnum are more regular in this zone. Psilate trilete spores become frequent in the second half of the zone, probably reflecting the development of some woodlands and forests. Anabaena has values that reach a maximum at the end of this zone. Incertae sedis 5d (illustrated in plate 1 of Leroy, 2010) start their regular occurrence.
Because of the abundance of several shrub taxa, this zone is called a shrub phase, and because of the chronology, it is attributed to the beginning of the Holocene.
4.3.6. Zone P-6, 34.75 cm-top, from 8.4 to 4.4 cal. ka BP: "Tree phase" Holocene
The maximum of several tree taxa, such as Pinus, Juniperus, Alnus, C. betulus, Quercus and P. persica, is seen in this zone. The occurrence of the latter is significant as it has a geographical distribution restricted to the Hyrcanian vegetation in the Elburz Mountains and its presence therefore unequivocally indicates both an efficient transport from the south and the development of large forests on these mountains. Acer and Vitis appear while Pterocarya re-appears. In the most favourable areas around the south basin of the CS, forests have established themselves. In this case, Pinus pollen was not transported by the Volga as a weak river influence to the coring site is reconstructed, e.g. by the low values of reworked elements. Moreover the source of Pinus pollen could be P. eldarica, a tree that grows in Azerbaijan and Georgia (Weinstein, 1989; Leroy et al., 2013a) . Table 3 Factor loadings for pollen (upper part) and dinocyst (bottom part) taxa included in the two PCA done in this study. For pollen, data is from GS05 core; while for dinocysts, data is from GS05 and CP14 cores. Numbers in bold and italics indicate taxa with large factor loadings.
Pollen GS05
PC1-Pollen PC2-Pollen PC3-Pollen Shrub percentages progressively decrease throughout the zone. Cerealia-t. shows a maximum, but this cannot be attributed to agriculture since domesticated cereal grains cannot be distinguished from a wild Poaceae genus, Aegilops, that also has a large pollen grain and lives in the area. Various spores are common (but not Sphagnum). Anabaena values progressively decrease throughout this zone.
Pollen: PCA and diversity
Seven principal components account for the 72.5% of the variance. PC1 explains 18.8%, PC2 16.2%, while PC3 13.7%. The rest of the principal components are related with the variance of single pollen types and represent a very small proportion of the total variance.
In PC1-p, Calligonum, Poaceae, the sum of shrubs, E. major-t., Caryophyllaceae and Brassicaceae show high positive loadings, while A-C and Artemisia show high negative loadings (Fig. 5 and Table 3 ). Thus, this component presents positive scores in samples where shrubs and some herbs are important, and negative scores in samples where desertic/steppic vegetation is the dominant. Factor scores are positive during zones P-2 (Allerød) and P-5 (Early Holocene shrub phase), negative during zone P-1 (Last Glacial) and close to zero during zones P-3, P-4 (Younger Dryas) and P-6 (MidHolocene tree phase) (Fig. 5) , highlighting the development of shrub formations during periods of climate improvement at the Allerød and the Early Holocene.
In PC2-p, Asteraceae tubuliflorae, E. major-t., E. alata-t. and Quercus show high positive loadings, while Plumbaginaceae, Hippophae, Nitraria and Artemisia show high negative loadings (Table 3) . Thus, this component presents negative scores in samples reflecting the development of saltmarshes and solonchak, and positive scores in samples where terrestrial vegetation with better drained soils developed. Factor scores are mainly negative from zones P-1 to 4, and positive in P-5 and P-6 (Fig. 5) , pointing out at a large shift between the Late Pleistocene and the Holocene.
Finally, in PC3-p the sum of trees, Juniperus, Pinus, Quercus sempervirens, P. persica, Cyperaceae and C. betulus present high positive factor loadings (Table 3 ). This component shows positive scores in samples where more humid and warmer conditions allowed the development of trees and sedges. It happens mainly during zones P-2 (Allerød) and P-6 (Mid-Holocene tree phase).
Palynological richness is low in zone P-1, rises abruptly in P-2, while in P-3 and P-4 drops. It shows higher values from P-5 onwards, and is maximal during P-6 (Fig. 5) . Thus, palynological diversity is lower during cold phases (Last Glacial and Younger Dryas) and higher during warmer periods (Allerød and Holocene).
Dinocysts in core GS05
4.5.1. Zone D-1, 305e129.75 cm: Khvalynian highstand
The spectra are largely dominated by Impagidinium caspienense (50%) (Fig. 6) . I. caspienense is a relatively new species whose ecology is unknown. However because high values have been obtained in surface samples (Kazancı et al., 2004; Leroy et al., 2013a Leroy et al., , 2013b and in Holocene cores of the CS (Leroy et al., , 2013a (Leroy et al., , 2013b , I. caspienense must be a species of relatively low salinities, probably 13 psu, in comparison to other species of the same genus.
Secondary taxa of lower salinities are however abundant Pyxidinopsis psilata, Spiniferites cruciformis A and Caspidinium rugosum rugosum. P. psilata and S. cruciformis are dominant in Early Holocene sediments from the Black Sea and have been related to slightly brackish conditions (<7 psu) and usually cool waters (Wall et al., 1973; Mudie et al., 2002; Filipova-Marinova et al., 2013) , although the scarcity of modern analogues does not readily permit the delimitation of their ecological affinities (Marret et al., 2004) . S. cruciformis has also been observed in lakes, such as in the Lateglacial sediment of Lake Kastoria, Northern Greece, and in the top cm of Lake Sapanca sediment cores (NW Turkey) (Leroy and Albay, 2010) . Three forms of S. cruciformis have been recorded separately (forms A, B and C) (Marret et al., 2004) . C. r. rugosum and C. rugosum are two forms of a new genus about which not much is known yet. In the Marmara Sea, the genus occurs during periods of meltwater fluxes ). Its ecology is suggested from its frequent association with low salinity taxa. Towards the end of this zone, values of Brigantedinium, which are fluctuating around 10%, increase. Brigantedinium species are ubiquitous; they are present from low to high latitudes, and from neritic to open ocean regions. They are often related to high nutrient richness.
Spiniferites belerius displays a quasiecontinuous curve. This is a neritic marine species, from temperate to tropical seas. In the CS, several specimens with a form intermediate between S. belerius and I. caspienense have been found. Bradley et al. (2012) consider this taxon as a species typical of periods of transitions in salinity and water temperature in the Black Sea. Concentrations are maximal in this zone: often higher than 10,000 cysts per ml. The P/D ratio is low as expected for an open sea site (see modern samples in Leroy et al., 2013a) .
Zone D-2, 129.75e111.75 cm: Khvalynian highstand with S. belerius
This zone is fairly similar to the preceding one, notwithstanding a dramatic drop of Brigantedinium and a significant maximum of S. belerius. Concentrations drop to c. 5000 cysts per ml. Concurrently the values of many taxa, such as P. psilata, C. r. rugosum and Brigantedinium, decrease. S. belerius has disappeared and Fig. 7 . Factor scores for the first three principal components of the dinocyst data in GS05 and CP14 cores. A 3-sample running average has been added to each graph. Suggested links to the Russian stratigraphy (Mangyshlak lowstand according to Mayev (2010) and Sorokin (2011) ; Gousan highstand according to Svitoch (2012) and to the CP14 sequence ). * Enotaev lowstand according to Svitoch (2012) .
will not return in this sequence. Dinocyst concentrations are low and decrease upwards to a minimum. The P/D ratio is maximal indicating a clear influence of the continent on this location in the centre of the south basin with plants growing on the newly emerged shores. Water salinity, the highest of the sequence, is similar or even higher to that of the present day CS. 4.5.5. Zone D-5, 70.75e34.75 cm, from 11.2 to 8.4 cal. ka BP: Highstand with P. psilata P. psilata percentages are maximal, reaching progressively up to 40%. S. cruciformis B started to develop, while S. cruciformis A and B increase. I. caspienense starts a slow decreasing trend continuing until the core top. Concentration is at first very low and then increases slightly across this zone. The P/D ratio has gone back to its average values around 1.2. The salinity is suggested to be again low.
4.5.6. Zone D-6, 34.75 cm-top, from 8.4 to 4.4 cal. ka BP: Gousan highstand with S. cruciformis
The three forms of S. cruciformis reach maximal values. I. caspienense values are minimal. P. psilata percentages further decrease. Pentapharsodinium dalei values are quasi continuous. P. dalei is a cold, euryhaline, Arctic cyst, with an affinity for environments of strong seasonal thermal contrast (Marret and Zonneveld, 2003) . In the CS, it is however abundant in the Holocene .
Lingulodinium machaerophorum with very low values starts to be noticeable in the last sample. L. machaerophorum highest abundance is often found in neritic environments, where winter seasurface temperatures are above 12 C. This species is known for its euryhaline nature. While in the Black/Marmara seas, it has been present since at least the LGM , in the CS it appears only c. 3200 calibrated years ago (Leroy et al., 2013a (Leroy et al., , 2013b .
This zone illustrates a period of low salinity, but under other conditions than zone D-5. The difference between the two low salinity zones cannot be explained easily because of the scarcity of modern analogues does not allow us to define well the limits of their ecological affinities. A possible reason is that P. psilata may live in colder waters than S. cruciformis; and therefore the D-5/6 transition is likely caused by warming of relatively fresh waters.
Dinocysts: PCA
For the PCA analysis, both the data from core GS05 and core CP14 are combined . Three principal components account for 73.5% of the variance. PC1 explains 31.3%, PC2 24.7%, while PC3 17.5%.
In PC1-d, L. machaerophorum, P. dalei and C. rugosum show high positive loadings, while P. psilata shows a high negative loading (Table 3) . Factor scores are negative in GS05 core, while in CP14 scores are low at the beginning and develop a trend to high scores up to the top (Fig. 7) . We hypothesize that this PC reflects an increase of surface water temperature.
In PC2-d, S. cruciformis A and B show high positive factor loadings, while I. caspienense shows a high negative loading (Table 3) . Thus, this component presents negative scores in samples reflecting low salinity waters (13), and positive scores in samples where waters are more brackish/fresh (7). Factor scores are close to zero from zones D-1 to 3, D-5 and Dz14-3a and 3b, negative in D-4 and Dz14-2, and positive in D-6 and Dz14-1 (Fig. 7) , pointing out higher salinities during lowstand periods, and brackish/freshwater conditions during highstands.
Finally, in PC3-d S. belerius, Brigantedinium and C. r. rugosum present high positive loadings, while S. cruciformis B shows a high negative loading (Table 3 ). This component shows positive factor scores from zones D-1 to 3, negative scores from D-4 to 6, and variable, but close to zero values in CP14 core (Fig. 7) . This component is difficult to interpret, but we think it could be related to changes in the source of water input (see discussion).
Discussion
Lithology and ageedepth model
A reliable chronology starts at 86 cm, i.e. 11.8 cal. ka BP. This is very close to the main change in the pollen diagram at 80 cm (P-4/5 boundary) at 11.5 cal. ka BP and it is in the middle of dinocyst zone D-4, which is the Mangyshlak lowstand.
The sedimentation rate obtained for the sequence varies between 10 and 30 cm/ka for the Late Pleistocene-Early Holocene and 7 and 10 cm/ka above 10.3 cal. ka BP (Fig. 2) .
A progressive increase of carbonate content was observed in other cores across the Mangyshlak period from the eastern shelf of the CS (Mayev, 2010) . The increase of the carbonate production in the CS seems to have been triggered by the temperature increase at the very Early Holocene (Pierret et al., 2012) , as it has also been seen in the Black Sea (Bahr et al., 2005) .
The Black Sea has a problem of reservoir effect (up to 1000 years for the deep sea cores) (Bahr et al., 2005) , with moreover an input of dead carbon that is not time stable. The CS most likely suffers from the same problem: with varying river inflows and sources and with varying aeolian inputs, such as via sandstorms from the east (southern Turkmenistan) where limestone formations occur (Lahijani and Tavakoli, 2012) . The reservoir estimation in the Black Sea was made by comparison between cores, one dated on ostracods mixed with shell debris with one that was dated only on adult mollusc shells (Bahr et al., 2005) .
Pollen-inferred vegetation
The Late Pleistocene
For core GS05, the PCA has shown that the factor explaining a high percentage of the variance of the pollen dataset is the abundance (or not) of shrubs that negatively correlate with the abundance of desertic/steppic taxa. Therefore the development of shrubs is clearly the most important change in this pollen diagram. An increase in the importance of shrubs during the Allerød contrasts with the desertic/steppic vegetation reconstructed for the Last Glacial and the YD (PC1-p, Fig. 5) , showing a clear climate improvement during this interstadial. Moreover, PC3-p has a local peak, meaning that some trees were also important during this warmer period of the Late Pleistocene.
In diagrams of the Marmara Sea (Valsecchi et al., 2012) and in the east of the Black Sea (Shumilovskikh et al., 2012) , the period before the BøllingeAllerød interstadial is characterised by an open landscape with the presence of bushes such as Hippophae and Ephedra. The YD is defined by an increase of Artemisia and a drop of deciduous Quercus pollen. The YD on the Iranian Plateau (Bottema, 1995) is similarly identified by an aridification. These observations are very comparable to those of the GS05 record.
In a pollen diagram from the Siculo-Tunisian strait (Desprat et al., 2013) , the Late Pleistocene and the YD are both characterised by high values of Artemisia and Ephedra. This major difference with the GS05 sequence is probably due to the much colder conditions in SeW Asia than in the south-central Mediterranean area.
The Early Holocene
A shift in salt tolerance vegetation is marking the onset of the Holocene. PC2-p shows negative or close-to-zero scores during the Late Pleistocene (Fig. 5) , while they are positive during the Holocene, reflecting a shift from saltmarshes to terrestrial vegetation on better drained soils.
Zone P-5, spanning from 11.5 to 8.4 cal. ka BP, illustrates a new shrub phase (Ephedra and Calligonum), and PC1-p scores reach similar values to the ones showed during the Allerød (Fig. 5) . Pinus and Quercus dominate the relatively low arboreal percentages, with only sparse occurrences of other trees. The beginning of tree development is somewhat late and delayed by 3.1 ka BP compared to the PleistoceneeHolocene warming, as it is only after 8.4 cal. ka BP that trees, other than Pinus and Quercus, appear in the diagram with continuous curves. This forest development is reflected by PC3-p, showing the largest scores of the entire record (Fig. 5) .
This forest delay is typical of other sites in the SE Mediterranean region and in the Middle East. In Lake Urmia, Northern Iranian Plateau and other lakes of the Middle East (Zeribar and Van), the oak forest development is delayed to 7.5 or even c. 6.5 cal. ka BP (Djamali et al., 2008) . In southern Georgia, the Quercus maximum is late and comes a millennium later than in Lake Van, although the record of Lake Aligol shows a nice progressive expansion of trees straight from the beginning of the Holocene (Connor, 2006) . In the Black Sea (e.g. Shumilovskikh et al., 2012) , besides Pinus and Quercus, trees start to develop only after 8.5 cal. ka BP, roughly at the same time as in the CS surroundings. However, some other sites do not show this delay, such as a Marmara Sea sequence (Valsecchi et al., 2012) . The latter site and a sequence in the southeast corner of the CS are both close to LGM tree refugia Arpe et al., 2011) , explaining why the arboreal vegetation could react so fast to the Holocene warming. Wright et al. (2003) suggested that this Early Holocene dry period extended between Bulgaria and at least the CS (maybe as far as the Altai Mountains). The causes they suggested are increased summer temperatures and insolation over an area too far inland from sources of moisture. To this, one may also add the occurrence of two large water bodies filled by cold meltwater, the CS and the Black Sea, which may have had negative feedback on regional climates via the "lake effect" delaying the Early Holocene warming (Small et al., 2001) .
The correlation with the bottom zone of core CP14, Pz14-1 (Fig. 8) , is not completely satisfying as some differences occur, such as in the higher amount of Pinus, Asteraceae tubuliflorae and Fig. 8 . Comparison of the pollen and the dinocyst zones of core GS05, suggested links to the Russian stratigraphy (Mangyshlak lowstand according to Mayev (2010) and Sorokin (2011) ; Gousan highstand according to Svitoch (2012) ) and to the CP14 sequence . * Enotaev lowstand according to Svitoch (2012) .
liguliflorae, spores and massula of Salvinia in the CP14 diagram . These are mostly water-transported taxa and may reflect the shallower water depth of core CP14 (Fig. 1B) and the subsequent difference in the bottom currents inputs to the sediments.
5.3. Dinocyst-inferred water levels 5.3.1. Differences between deep sea and coastal assemblages
The general low salinity signal of the GS05 sequence (<7 psu) is interrupted by a more brackish phase (c. 13 psu or more): zone D-4, recording the Mangyshlak lowstand, where PC2-d factor scores are negative (Fig. 7) . In CP14, negative scores occur during Pz14-2, a phase related to the intermediate levels of the Neocaspian period. This is either because the salinity was higher and similar to the Mangyshlak lowstand as recorded in the sequence GS05, and in this case this would fit the lowstand history recognised by Svitoch (2010) who highlights important lowstands in the Holocene; or because the CP14 site, being in a slightly shallower position than GS05, is more sensitive to water level lowering. A combination of both is likely. Because core GS05 has been taken at a deep-water depth, it is possible that only the main events are recorded owing to a buffering due to deep water depths and distance to the shores. A regression/transgression might have been recorded earlier/later or longer/shorter in the margins of the CS.
A comparison with the dinocysts diagram of core TM in a lagoon of the SE corner of the CS underlines some essential differences. In the TM palynological diagram, which starts at 10.6 cal. ka BP, the dinocyst assemblages are already dominated by I. caspienense (Leroy et al., 2013a) . The low salinity taxa are relatively rare, for example P. psilata is quasi absent to the contrary of core GS05. S. cruciformis values remain at low levels. P. dalei develops low percentages only after a hiatus at c. 3.9 cal. ka BP. Hence, the difference indicates that the sequence from the SE corner of the CS reflects more saline Holocene conditions than the deep basin core GS05. This is most likely due to its location in much shallower waters, i.e. in a coastal lagoon, with higher evaporation and temperature making it more sensitive (Fig. 1A) .
The comparison between the dinocyst assemblages in the three sites confirms what has been suggested earlier (Leroy et al., 2013a) , that the Khvalynian, Mangyshlak and Neocaspian stages should be considered as biozones rather than chronozones, due to the important role of the distance from the coast.
The glacial and Lateglacial periods
The highstand of the Khvalynian is marked by a combination of slightly brackish taxa and more brackish taxa with a small peak of S. belerius in the Allerød interstadial (PC2-d, Fig. 7 ). S. belerius shows a clear presence until before the Mangyshlak lowstand in core GS05 (zone D-3).
S. belerius displays a peak at 7.6e7.0 cal. ka BP in the western Black Sea (Bradley et al., 2012) and at 8.4e7.0 cal. ka BP in the eastern Black Sea (Shumilovskikh et al., 2013) , therefore later than in the south basin of the CS. However in the Marmara Sea, S. belerius displays maximal values already in the YD period .
The Mangyshlak lowstand
Dinocyst zone D-4 (finishing at 11.2 cal. ka BP), with the strong increase of I. caspienense percentages, low concentrations, a high P/ D ratio (higher influence of the continent) and PC2-d negative scores (Fig. 7) , is attributed to an increase in salinity and to the decrease of the water level. This is, according to the chronology of GS05, attributed to the Mangyshlak lowstand, as defined by Mayev (2010) and Sorokin (2011) . However Svitoch (2012) calls it the Enotaev lowstand and keeps the name of Mangyshlak for a later lowstand.
Here is the first time that the Mangyshlak lowstand is highlighted in the set of cores taken in the 1994 cruise (Kuprin and Pirumova, 2002) , perhaps due to the type of proxies and/or the time resolution.
In core TM from the SE corner of the CS, the Mangyshlak lowstand is clearly shown by a hiatus at the transition of zones TM1/2, i.e. somewhat close to the PleistoceneeHolocene transition, and due to, as mentioned above, its location closer to the shoreline. This lowstand must have been caused more than just by climatic change: a change in the palaeohydrology of the two main rivers, i.e. Volga and Amu Darya, must have occurred briefly. In fact, PC3-d shows a clear shift at the D-3/4 boundary (Fig. 7) , which has been interpreted as a change in the Eurasian meltwaters that would have influenced the hydrological inputs in the CS.
It is interesting to note that, in the Black Sea, a lowstand is reconstructed for the period from 14.7 to 10 14 C ka BP (Hiscott et al., 2007) , therefore the dinocyst zone attributed to the Mangyshlak in the CS overlap the end of this Black Sea lowstand. The water level lowering was suggested to be due to evaporation in the case of the Black Sea.
The last highstand
D-5 indicates water salinities similar to those during the Khvalynian highstand (D-1e3), with PC2-d scores close to zero. However, zone D-6 presents a higher contribution of low salinity taxa and shows fresher waters than in the Khvalynian highstand, and has been interpreted as the Gousan highstand in GS05. If the salinity can be taken as a relatively direct sea level indicator, this would mean that zone D-6 has the highest levels of the sequence, and that it is very likely that the CS was overflowing its sill to the Black Sea.
Preliminary data from the Volga delta (Hoogendoorn et al., 2010) and Gorgan delta (Kakroodi et al., 2012 ) and a partial Holocene sequence from a lagoon in the SE corner of the CS (Leroy et al., 2013a) are not incompatible with a highstand, although the durations are not identical. These data however are questionable as these sequences are formed in a dynamic, noisy, deltaic environment or in coastal area with no sedimentation during lowstands and erosion at the changes of water levels, instead of a continuous fine-grained deep-sea setting. Moreover in order to explain any potential difference between the north/middle and the south basins, it is not impossible that the Apsheron sill (Fig. 1B) played some role in isolating the south basin (unpublished work on a core in the middle basin using dinocysts by one of the present paper's authors).
It is not precisely known when meltwater stopped flowing south from the Eurasian ice sheet to the Aral/Caspian system, but most likely well before 10 14 C ka BP (Lambeck, 1996) . Therefore one would need to invoke another source of water to maintain such high levels. The Amu Darya, that flows from the Pamirs, has been suggested as an important source of water for the CS (Kes, 1995; Ferronsky et al., 1999; Leroy et al., , 2013a . Thus, PC3-d negative scores could be indicative of this shift from Eurasian meltwater to Pamir water input (Fig. 7) . The Amu Darya sources are largely in Tajikistan, where it is called the Panj River (UNEP et al., 2011) . It receives water from the melting of glaciers. The modern Tajikistan is the wettest of the central Asian republics with mountainous regions (the Pamirs) receiving in some places more than 1500 mm of precipitation per year during western disturbances (Syed et al., 2006) (Fig. 1A) . Moreover a correlation has been found between the Amu Darya runoff and the Indian Summer Monsoon, not due to spillover of monsoonal precipitation into the Amu Darya basin, but via tropospheric teleconnections leading to temperature rise and glacier melting (Schiemann et al., 2007) . Although debated at the moment (Chen et al., 2010) , it is not impossible that the Indian Summer Monsoon penetrated further inland during the Early Holocene. It is only recently that the glacial history of the western Himalayas has become better known owing to great improvements in dating techniques. The Pamir Mountains have had large glaciers during the first millennia of the Holocene (Owen, 2009) . It is probable that these Early Holocene glaciers were the source of meltwater for the CS until 4 cal. ka BP. Hence, a low latitude forcing (via the Amu Darya and Uzboy) had become more important for a few millennia than the middle high latitudes one (Volga drainage basin).
The transition to the Neocaspian biozone
Only zone D-6 corresponds to the bottom-most zone Dz14-1 of the nearby core CP14 (Fig. 8) , characterised in both cores by high values of S. cruciformis and C. r. rugosum.
The end of the Gousan highstand cannot be seen in the GS05 sequence but is well expressed in core CP14 (Fig. 8) . A change from PC2-d positive to negative scores is detected at the Dz14-1/2 transition, ca 3.9 cal. ka BP (Fig. 7) , pointing out more brackish conditions than in the previous freshwater phase.
It is from this moment that PC1-d shows positive and rising scores (Fig. 7) . This principal component is difficult to interpret, but recent findings suggest that L. machaerophorum abundances could be reflecting water temperature increase (Leroy et al., 2013b) .
The end of this highstand has also been identified in core TM (hiatus in core TM at c. 3.9 cal. ka BP, zones 4 to 5e6). It is suggested that these transitions in cores CP14 and core TM are driven by another lowstand (not severe enough to be identified in the deep sea core or at the time resolution of the current study) that marks the beginning of the Neocaspian biozone intermediate water levels.
Absence of direct links between vegetation and sea levels
Contrary to the few pollen spectra published for the Mangyshlak lowstand showing a dry period preceded and followed by a period with more arboreal pollen (Abramova and Mayev, 1974) , the corresponding periods in core GS05 (P-4 and 5) show two dry periods with different characteristics (Fig. 8) . This difference between studies is probably due to the higher sampling and time resolution of the present investigation.
The development of trees (zone P-6) in the surroundings of the CS is coeval to the start of the phase when the CS shows the freshest waters (zone D-6). The two phenomena may have occurred in a period of increased precipitation, corresponding to the Atlantic period of northern Europe.
Our results do not confirm the hypothesis that transgressions are linked to forest development and regression linked to arid phases (Kuprin and Rybakova, 2003) . It seems that it is more subtle because different forcing factors are at play: changes in the palaeohydrographical network for the water level fluctuations (less directly linked to climate) and more directly changes in climate for terrestrial vegetation.
Conclusions
Beyond well circumscribed limitations of the chronological framework and the ecological interpretation of dinocyst assemblages dominated by new taxa, our results bearing on the first continuous sequence between the Allerød and 4.4 cal. ka BP in the Caspian region highlight rigorous, significant and original facts.
The Younger Dryas palynozone, first seen in the Caspian Sea region, is characterised by the development of a very arid deserttype vegetation. It is followed by 3100 years of a climate sufficiently dry to delay the development of trees around the Caspian Sea until 8.4 cal. ka BP. This is also reinforced by the fact that, in small areas of favourable microclimates, which played the role of glacial vegetation refugia (such as the foot of the Elburz Mountains), the development of trees occurred earlier, or even with no delay, at the early beginning of the Holocene. The highest palynological richness values are found between 8.4 and 4.4 cal. ka BP when the forest development was well under way. A small maximum is also detected during the Allerød, as some forest spread occurred. Thus, forest ecosystems in the area support higher diversities than steppe/desert ecosystems.
Dinoflagellate assemblages are for the first time available for the Mangyshlak lowstand. In the Early Holocene, the transition between a highstand and a lowstand, i.e. the Late Khvalynian and the Mangyshlak, is very likely caused by other drivers than local climatic change alone: a change in the palaeohydrology of the two main rivers, i.e. Volga and Amu Darya, must have occurred briefly and combined with the higher evaporation rates linked to Holocene warming.
Following the Mangyshlak lowstand and based on freshwater type dinocyst assemblages, a highstand is reconstructed with two successive phases reflecting increasingly freshwater. Until 4.4 ka BP ago at the latest (most likely until 3.9 cal. ka BP ago), the south basin had a high water level and was filled by relatively freshwater (3e 7 psu) that could come not only from the melting of the Eurasian ice sheet anymore, but from also the Pamirs via the Amu Darya.
The present work re-emphasises that the high and lowstands, contrary to the world ocean, are not directly in line with glaciale interglacial periods, neither in phase, nor in anti-phase. However due to the rapidity of the past and present CS level changes and their vast economical impact, more efforts need to be made in solving dating problems and in the acquisition of a complete Holocene record.
